Aims/hypothesis. Defects in insulin secretion and insulin action, resulting in compensatory hyperinsulinaemia, are the major abnormalities in the development of Type 2 diabetes mellitus (Type 2 diabetes). The most frequently used conventional immunoreactive assays for insulin cross-react with proinsulin. In shortterm studies (<5 years), proinsulin predicts the development of Type 2 diabetes. We studied, with a 27-year follow-up, the longitudinal relationships between intact proinsulin, 32-33 split proinsulin, specific and immunoreactive insulin (IRI), acute insulin response (AIR) after an intravenous glucose load and the development of Type 2 diabetes in a population-based cohort of 50-year-old men. Methods. Fasting peptide concentrations were measured in plasma samples, stored since 1970-73 using specific two-site immunometric assays. IRI was measured at baseline using radioimmunoassay. Associations between development of Type 2 diabetes and predictor variables, were analysed with logistic regression. Results are shown as odds ratios (ORs) with their 95% confidence intervals (CIs) for a one standard deviation increase in a predictor variable.
ry dysfunction and insulin resistance, analysed by different clamp techniques, were independent predictors of worsening of glucose tolerance [3] .
In several prospective studies, impaired insulin secretion assessed by a low acute insulin response (AIR) to a glucose load, was shown to be a predictor of the development of Type 2 diabetes [2, 4, 5, 6] . Furthermore, fasting hyperinsulinaemia indicative of insulin resistance is a predictor of Type 2 diabetes [6, 7, 8] . However, this association is less strong in the impaired than in the normal glucose tolerance state [9, 10] . A complication in earlier studies is that conventional radioimmunoassays for insulin, measuring immunoreactive insulin (IRI), cross-react with proinsulin.
Defects in insulin secretion and insulin action, resulting in compensatory hyperinsulinaemia, are the major abnormalities in the development of Type 2 diabetes mellitus [1, 2] . It has been shown that insulin secretoProinsulin has been shown to predict the onset of Type 2 diabetes in subjects with normal or impaired glucose tolerance in studies with follow-up time less than 7 years [11, 12, 13, 14, 15, 16] . Both proinsulin and specific insulin are inversely associated with insulin sensitivity and positively associated with the AIR in subjects with normal glucose tolerance [17] and in subjects with Type 2 diabetes [18] . The roles of proinsulin, insulin resistance and impaired insulin secretion in the development of Type 2 diabetes over longer periods of time are not clear.
The primary aim of this study was to investigate the baseline fasting plasma concentrations of intact proinsulin, 32-33 split proinsulin, specific insulin and IRI, for the development of Type 2 diabetes and to establish the role of AIR at an IVGTT in these associations. Further, possible significant predictors by outcome associations were investigated in terms of different length of follow-up, i.e. development of Type 2 diabetes 10, 20 and 27 years later.
Subjects and methods
Study design. The Uppsala Longitudinal Study of Adult Men is a population-based cohort study of diabetes and cardiovascular disease in men [6, 19] . In 1970, all men born between 1920 and 24 and residing in Uppsala were invited to a health survey at age 50 years (U-50), between 1970 and 1973 (baseline). In all, 2322 of 2841 invited men participated (82%). Plasma samples have been stored since that survey, allowing us to study proinsulin, using highly specific assays, as a possible predictor for the development of Type 2 diabetes in non-diabetic subjects at baseline, using the follow-up data over 27 years.
Due to a freezer failure causing the random loss of some 1000 samples, concentrations of intact and 32-33 split proinsulin and true insulin were analysed in baseline plasma samples from 1306 subjects. There were no differences in baseline characteristics other than propeptides, between those with and those without their propeptide concentrations analysed, indicating that no selection bias had occurred due to the loss of samples [20] .
Subjects. This study was based on those subjects who were non-diabetic at baseline and had complete data from the baseline investigation and proinsulin and specific insulin assessments and follow-up data from the 10-year follow-up (n=777), from the 20-year follow-up (n=436), and from the 27-year follow-up (n=348). In order to select non-diabetic men at baseline, subjects with a fasting blood glucose greater than or equal to 6.1 mmol/l or treatment with oral hypoglycaemic agents (OHAs) were excluded. Subjects with insulin treatment only, indicative of Type 1 Diabetes mellitus, at baseline or at any follow-up were also excluded from the study.
Information concerning previous disease and current pharmacological treatment was collected using a medical questionnaire and through interviews conducted by one physician [19, 21] .
Outcomes. The outcome variables, described below, were defined using the follow-up data from the second, third and fourth investigations (U-60, U-70 and U-77) carried out in the original Uppsala-cohort at age 60 years (U-60) between 1980 and 1984 (1860 subjects participated) [21] , at age 70 years (U-70) between 1991 and 1995 (1221 out of 1681 eligible men participated) [22] and at age 77 years (U-77) between 1998 and 2001 (839 out of 1079 eligible men participated).
Type 2 diabetes was defined according to the World Health Organisation (WHO) criteria from 1999 [23] (using fasting concentrations) and/or use of OHAs. At the first two investigations (U-50 and U-60), fasting blood glucose concentrations were analysed and Type 2 diabetes was thus defined as a fasting blood glucose concentration greater than or equal to 6.1 mmol/l and/or treatment with OHAs. At the third and fourth investigations (U-70 and U-77), fasting plasma glucose concentrations were analysed and Type 2 diabetes was defined as a fasting plasma glucose concentration greater than or equal to 7.0 mmol/l and/or treatment with OHAs. The cumulative incidence of Type 2 diabetes was calculated, from age 50 years to age 60 years as Type 2 diabetes identified at U-60, from age 50 to age 70 as Type 2 diabetes identified at U-60 or U-70 and from age 50 years to age 77 years as Type 2 diabetes identified at U-60, U-70 or U-77.
To avoid potential bias by using only fasting glucose concentrations for the diagnosis of Type 2 diabetes, an additional analysis was carried out using data from a 75-gram OGTT, which was carried out in all participants in U-70. Type 2 diabetes was defined as a fasting plasma glucose greater than or equal to 7.0 mmol/l or a 2-h glucose glucose greater than or equal to 11.1 mmol/l, according to WHO criteria from 1999 [23] and/or treatment with OHAs.
Baseline characteristics and laboratory methods. The concentrations of intact and 32-33 split proinsulin were analysed using the two-site immunometric assay technique [24] , in plasma samples that had been stored frozen (−70°C) since baseline. Specific insulin concentrations were also analysed in these samples using the Access Immunoassay System (Sanofi Pasteur Diagnostics, Marmes-la-Coquette, France), using a onestep chemiluminescent immunoenzymatic assay. These procedures have been described in detail previously and the longterm storage did not interfere with the assessments in plasma that had been stored for 25 years [20] .
At baseline, the serum IRI concentrations were analysed with the Phadebas Insulin Test (Pharmacia AB, Uppsala, Sweden) [19, 21] .
An IVGTT, using a glucose dose of 0.5 g/kg body weight, was carried out in 1792 men at baseline [19] . The serum IRI concentrations during the IVGTT were measured in duplicate blood samples drawn before and at 4 and 6 minutes after the start of the glucose injection. The AIR was expressed as the mean value of the serum insulin concentrations at 4 and 6 minutes.
Blood glucose was analysed, at U-50 and U-60 using spectrophotometry and the glucose oxidase method [19, 21] . At U-70 and U-77 plasma glucose was analysed by the glucose dehydrogenase method (Gluc-DH, Merck, Darmstadt, Germany).
Body mass index (BMI) was calculated as weight (in underwear) / height squared (kg/m 2 ).
The study was approved by the Ethics Committee of the Faculty of Medicine at Uppsala University. Informed consent was obtained from all participants.
Statistical analyses. Skewed variables (insulin and propeptide measurements and glucose) were log transformed to achieve normal distribution. Normally distributed variables were used in all statistical analyses, done using the statistical software package Stata 6.0 for PC (Stata Corporation, College Station, Tex., USA). Logistic regression analyses were used on standardised variables (standardised to one SD) to assess the mag-nitude of the relationship to, and the statistical significance of the predictors of each of the defined outcomes. Results are shown as odds ratio with their 95% confidence intervals, i.e. all tests were two-tailed and a p value of less than 0.05 was considered statistically significant. All analyses were adjusted for age at baseline and length of follow up between investigations.
In the multivariate models, analysing fasting intact and 32-33 split proinsulin, specific insulin and IRI one by one, adjustments were made for the possible confounding effects of AIR, BMI and fasting glucose as predictors for Type 2 diabetes by multiple logistic regression. Further adjustment for insulin was made for the associations between propeptides and Type 2 diabetes. To study possible multiplicative effects of significant predictors, interaction terms between significant predictors of Type 2 diabetes were tested within the multivariate models. The tertile limits of several factors were calculated in the whole baseline population to get reliable estimates and used in trend tests, using logistic regression, for the development of Type 2 diabetes. The limits were for: Intact proinsulin concentrations, tertile 1 (T1) less than 1.7 pmol/l, tertile 2 (T2) greater than or equal to 1.7 pmol/l or less than 3.1 pmol/l and tertile 3 (T3) greater than or equal to 3.1 pmol/l. For 32-33 split proinsulin concentrations, T1 less than 4.3 pmol/l, T2 greater than or equal to 4.3 pmol/l or less than 7.2 pmol/l, T3 greater than or equal to 7.2 pmol/l. For specific insulin concentrations, T1 less than 32 pmol/l, T2 greater than or equal to 32 pmol/l or less than 53 pmol/l, T3 greater than or equal to 53 pmol/l. For AIR, T1 less than 282 pmol/l, T2 greater than or equal to 282 pmol/l or less than 456 pmol/l, T3 greater than or equal to 456 pmol/l. For blood glucose concentration, T1 less than 4.6 mmol/l, T2 greater than or equal to 4.6 mmol/l or less than 5.0 mmol/l and T3 greater than or equal to 5.0 mmol/l. For BMI, T1 less than 23.5 kg/m 2 T2 greater than or equal to 23.5 kg/m 2 or less than 26.0 kg/m2 and T3 greater than or equal to 26.0 kg/m 2 .
Results
The cumulative incidence of Type 2 diabetes, during the course of the study was 5.8% (106/1834) from age 50 to 60 years; 19.9% (252/1263) from age 50 to 70 years and 35.2% (340/967) from age 50 to 77 years. Corresponding numbers for the subset with
Clinical characteristics and crude odds ratios for the development of Type 2 diabetes, are shown in Table 1 . Fasting intact and 32-33 split proinsulin, specific and immunoreactive insulin, as well as AIR, BMI and fasting blood glucose concentrations were all associated with development of Type 2 diabetes at the 10-year, the 20-year and the 27-year follow-up periods. Intact proinsulin and 32-33 split proinsulin showed stronger associations with the development of Type 2 diabetes than did specific insulin and IRI, as judged by the magnitude of the standardised odds ratios. After adjustment for specific insulin, the association between proinsulin and Type 2 diabetes remained significant. A high AIR was associated with a smaller risk for development of Type 2 diabetes over all three follow-up periods.
When adjusted for confounding effects of BMI and fasting glucose concentrations, only intact proinsulin and 32-33 split proinsulin showed a congruent pattern, as they were associated with the development of Type 2 diabetes over all three follow-up periods, independent of confounding factors. After adjustment, specific insulin predicted Type 2 diabetes only between ages 50 and 60 years and IRI did not predict Type 2 diabetes over any of the follow-up periods.
The results from separate multiple logistic regression models, are shown in Table 2 for intact proinsulin (model 1) and for 32-33 split proinsulin where, in both settings, AIR, BMI and fasting glucose were included within each model. Both intact and 32-33 split proinsulin were associated with the development of Type 2 diabetes over all three periods of follow-up. An attenuating effect by the length of follow-up time was observed.
Decreased AIR showed an association with Type 2 diabetes which was unchanged with time of followup, whereas increased BMI tended to be more strongly associated with development of Type 2 diabetes for Arithmetic means ± SD. Odds Ratios from logistic regression were applied to variables standardised to 1 SD and adjusted for age at entry longer times of follow-up. Both intact and 32-33 split proinsulin were predictors, independent of AIR, over all three follow-up periods. The association between intact proinsulin and conversion to Type 2 diabetes was not altered by further adjustment for specific insulin (model 2). However, partially processed proinsulin (32-33 split proinsulin) was no longer a statistically significant predictor of Type 2 diabetes when further adjusted for specific insulin (model 4). There was a pronounced increase in the incidence of Type 2 diabetes over the 27 years in the third tertile of intact and 32-33 split proinsulin, specific insulin, fasting blood glucose and BMI and the first tertile of AIR (Fig. 1) .
The interaction term between intact proinsulin and AIR was related to the development of Type 2 diabetes when tested for (p<0.05; Fig. 2) . A high incidence of 77% for Type 2 diabetes was shown in the group of subjects in the high tertile of proinsulin and the low tertile of AIR, illustrating a multiplicative effect of a concurrent high proinsulin concentration and a low AIR. The relative risk for Type 2 diabetes in the group defined by the high tertile of proinsulin and the low tertile of AIR in comparison with the contrast group defined by the low tertile of proinsulin and the high tertile of AIR was 9.23 (95%-CI, 6.49-11.97). Odds Ratios from logistic regression were applied to variables standardised to 1 SD and adjusted for age at entry Fig. 1 . Cumulative incidence of Type 2 diabetes over 27 years of follow-up from age 50, by tertiles of intact and 32-33 split proinsulin and specific insulin, acute insulin response (AIR) at an intravenous glucose tolerance test, BMI and fasting glucose concentrations (n=348). T denotes tertile. Test for trend was significant in all cases, p<0.001 Fig. 2 . Cumulative incidence of Type 2 diabetes over 27 years of follow-up from age 50 by tertiles of proinsulin concentrations and tertiles of Acute insulin response (AIR). The interaction between proinsulin and AIR was significant when tested in multiple logistic regression, p=0.004 tions in this study. Some previous studies have analysed the proinsulin to insulin ratio, which was a predictor of Type 2 diabetes in two [13, 16] but not in our or in four other studies [11, 12, 14, 15] . The inconsistencies might be due to reduced precision when using a ratio between two biological variables [28] .
Our results show that increased plasma proinsulin precedes the onset of Type 2 diabetes by up to 27 years, independent of BMI. In concert with this observation, hyperproinsulinaemia was not explained by obesity-associated insulin resistance in subjects with Type 2 diabetes [29] . The waist-to-hip ratio could be used as an index of central obesity. However these data were not collected at baseline.
Intact proinsulin was a stronger predictor for Type 2 diabetes than specific insulin. Insulin has a considerably shorter half-life than proinsulin [24] and insulin concentrations might be more affected by the oscillations of insulin secretion [30] , both contributing to the lower stability (i.e. the precision of a point estimate of continuously varying plasma concentrations) of insulin measurements compared to proinsulin measurements. Proinsulin could thus have a better predictive capacity than insulin, assuming that both have the same effect on the outcome.
The relationship between specific insulin and development of Type 2 diabetes was weaker, but still important over 10 but not over 20 or 27 years of followup, when adjusted for BMI and fasting glucose concentrations, consistent with previous studies [14, 15] .
Our findings suggest that immunoreactive insulin assays used in many earlier studies could have overestimated the strength of the association between insulin, i.e. IRI, and development of Type 2 diabetes. Our observations support the idea that an increase in concentrations of insulin precursors constitutes the association with Type 2 diabetes rather than the plasma insulin concentrations per se.
The IVGTT, not widely used today, was at the time for the baseline investigation (1970) considered to be a useful method for diagnosing diabetes, before no broadly accepted diagnostic criteria for diabetes by OGTT were available [31] . We used data from the IVGTT only for the assessment of AIR and fasting concentrations of insulin propeptides and glucose. Subjects were identified having Type 2 diabetes by the fasting glucose concentration and use of OHAs. Men with diabetes at baseline were excluded. The current diagnostic criteria for diabetes, based on the 2-h glucose concentration after an OGTT or the fasting glucose concentration do not fully match [32] such that subjects fulfilling the 2-h criterion could be classified as non-diabetic based on the fasting glucose concentrations. This might have attenuated the observed associations between insulin propeptides and Type 2 diabetes and not overestimated them. The results for prediction of Type 2 diabetes were essentially identical when diabetes was diagnosed at age 70 based on In the additional analysis, when Type 2 diabetes was diagnosed based on the 2-h glucose concentrations from the OGTT at age 70 years also, the results were found to be essentially identical to those shown above.
Discussion
Both fasting intact and fasting 32-33 split proinsulin predicted development of Type 2 diabetes, over a 10-year, 20-year and a 27-year follow-up in this long term population-based study of men confirming results from some earlier studies with follow-up times of less than 7 years [11, 12, 13, 14, 15, 16] . The associations were independent of the effect of a low AIR after an intravenous glucose load. The risk for Type 2 diabetes increased when the fasting intact proinsulin exceeded a concentration of 3.1 pmol/l (the third tertile) in middle age, particularly when concurrent with a low AIR. Specific insulin was not a long-term predictor in the multivariate analyses whereas intact proinsulin was a predictor.
High proinsulin and low AIR were found to interact as predictors, for the development of Type 2 diabetes. When both abnormalities occur, a multiplicative effect of them generates a very high risk of 77% risk to develop Type 2 diabetes (Fig. 2) . The results suggest that high proinsulin and low AIR mirror different aspects of beta-cell dysfunction, given the reservation that the association between proinsulin and insulin resistance was not taken into account.
Insulin resistance and insulin secretory dysfunction are independent predictors of glucose tolerance at any stage of the development of Type 2 diabetes [3] . In terms of being a predictor for the development of Type 2 diabetes, fasting proinsulin could be considered as a measurement of insulin secretory dysfunction influenced by both insulin sensitivity and the degree of a pancreatic beta-cell defect.
Hyperproinsulinaemia could be a sign of a pancreatic beta-cell defect that is augmented by an increased demand placed on the beta cell by hyperglycaemia [25] . However, in this study, proinsulin was still a predictor of Type 2 diabetes independent of fasting blood glucose concentrations. It has also been suggested that hyperproinsulinaemia is the result of secretion of immature proinsulin-rich granules from beta cells, as a response to an increased demand for insulin [26] , i.e. an insulin resistant state.
Furthermore, low insulin secretion in itself, assessed as the response to intravenous arginine under maximum glycaemic potentiation, is associated with disproportionately increased proinsulin concentrations [27] , an observation, which could explain the interaction, discussed above, between high proinsulin and beta-cell dysfunction, assessed as a low AIR, in predicting Type 2 diabetes.
The associations between proinsulin and Type 2 diabetes were adjusted for specific insulin concentra-the 2-h glucose concentration at the OGTT as well as of the fasting glucose concentration.
The loss of baseline samples reduced the size of the study population and might diminish the power of the study. However, no selection bias was found when it was tested for. In addition, the size of the study sample was large enough to give us the power of showing an (p=0.004) interaction between proinsulin and AIR. Some selection by death is likely to have occurred over this long follow-up and may have weakened the relationship between proinsulin and development of Type 2 diabetes. Proinsulin [20] , like Type 2 diabetes [33] , is a predictor of cardiovascular death whereby a number of subjects in the higher range of plasma proinsulin will probably have been lost to follow up.
We conclude that proinsulin is a strong and a statistically significant predictor of the development of Type 2 diabetes, mirroring both beta-cell dysfunction and insulin resistance. Further, proinsulin was predicting Type 2 diabetes particularly strongly in subjects with a low acute insulin response at baseline. Furthermore, proinsulin is a better predictor of Type 2 diabetes than specific or immunoreactive insulin.
